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Fixed bedAbstract The adsorption kinetics for removal of uranium (V1) from aqueous solution using silicon
dioxide nanopowder (nano-SiO2) was investigated in batch and continuous techniques. Pseudo-first
order and pseudo-second order were used to analyze the kinetics of batch experiments. In contin-
uous technique the important parameters (initial concentration, flow rate and bed height) on the
breakthrough curves were studied and the adsorption kinetics was analyzed using Thomas and
Yoon and Nelson kinetic models. The comparison between the kinetic models was evaluated by
the correlation coefficients (r2). The results indicated that the batch experiments fitted well with
pseudo second-order kinetic model. The comparison of the experimental breakthrough curve to
the breakthrough profile obtained from Thomas and Yoon and Nelson methods showed a
satisfactory fit for silicon dioxide nanopowder.
 2016 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Radioactive liquid waste containing heavy metals has a harm-
ful effect on the human health and the environment. Uranium
is one of the most extensive radioactive and toxic heavy metals
in the environment [1]. U (VI) is released into the environmentthrough numerous sources, such as nuclear industries, natural
deposits, fertilizers and other processing of uranium applica-
tion [2]. A number of conventional methods for the removal
of uranium ions from aqueous solutions have been used such
as chemical precipitation, solvent extraction, cementation,
electrochemical, evaporation and adsorption process [3]. Most
of these methods have some limitations such as high cost, toxic
waste production, low efficiency, and high energy consumption
[4]. Adsorption process is a simple and low cost process that
has been widely used for removal of heavy metals from aque-
ous phase [5,6]. Adsorption by continuous fixed bed system is
the most efficient process for adsorption of heavy metals form
wastewater of industrial applications [7]. Flow rate, bed height,
and initial metal concentration are the important parameters
in the design of continuous fixed bed system. A lot of materials
have been used in the adsorption of heavy metals from wastew-
ater, such as activated carbon [8], titanium dioxide [9], aluminahemical
2 M.A. Mahmoud[10], nanometal oxides [11], carbon nanotubes [12], nanozeolite
composites [13] and nanoalumina [14,15]. The objective of this
study is the removal of U (VI) from aqueous solution in batch
and fixed bed system using silicon dioxide nanopowder as
adsorbent material. Pseudo-first order and pseudo-second
order were used to analyze the kinetics of batch technique.
In fixed bed system parameters of flow rate, bed height and ini-
tial concentration were studied. Thomas and Yoon–Nelson
models were used to evaluate fixed bed system at different flow
rates, bed heights and initial concentrations.
2. Materials and methods
2.1. Preparation of adsorbent material
Silicon dioxide nanopowder (nano-SiO2) used in this study was
obtained from Sigma–Aldrich. The characteristics of SiO2
nanopowder are presented in Table 1. Scanning electron
micrograph (SEM), XRD analysis, Energy-dispersive X-ray
spectroscopy (EDX) and FT-IR analysis of silicon dioxide
nanopowder is also performed before and after adsorption.2.2. Preparation of uranium (VI) stock solution
All chemicals and reagents used in this work were analytical
grade. Stock solution of uranium (VI) was prepared by dissolv-
ing an appropriate amount of UO2(NO3)26H2O, Sigma–
Aldrich, USA. For experiments the required concentration
were prepared by dilution. The pH of solutions was adjusted
with 0.1 M Na2CO3 or 0.1 N HCl.2.3. Adsorption experiments
2.3.1. Batch technique
The optimum pH and temperature of adsorption process were
determined in batch technique. 60 mL of 100 mg/L of uranium
(VI) solutions with a range of pH values from 3 to 10 was
transferred in a conical flask with 0.1 g of SiO2 nanopowder.
The mixture was agitated at 200 rpm in a thermostatic shaker
water bath for different time (10–120 min) at different temper-
atures (303, 313, 323 and 303 K). The samples were withdrawn
and centrifuged at 5000 rpm for 15 min and then the super-
natant was filtered using filter paper. The concentration of
supernatants was analyzed spectrophotometrically using Shi-
madzu UV-VIS-1601 spectrophotometer. Adsorption capacity
(q) of U (VI) was defined as:
q ¼ ðC0  CeÞV=M ð1Þ
where C0 and Ce are the initial and equilibrium concentration
of solute in the aqueous solution at equilibrium (mg/l),Table 1 Characteristics of SiO2 nanopowder.
Parameters Value
Purity 99.5% trace metals basis
Form Nanopowder (spherical, porous)
Particle size 5–15 nm
Appearance White powder
Boiling point 2230 C (lit.)
Surface area 590–690 m2/g
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of adsorbent (g), respectively. In addition, the adsorption
percent (%) is calculated according to the following equation:
Adð%Þ ¼ ½ðC0  CeÞ=C0  100 ð2Þ2.3.2. Batch adsorption kinetics
Batch adsorption kinetics was carried out at different temper-
atures using pseudo-first order and pseudo-second order
kinetic models. The comparing between the kinetic models
was evaluated by the correlation coefficients (r2).
2.3.3. Pseudo-first-order kinetic model
The pseudo first-order model is supposed that one adsorbate is
adsorbed onto one adsorption site on adsorbent surface
[16,17]. The linear form of pseudo first order model was given
by the equation:




where qe and qt are the amount of U (VI) ions adsorbed onto
nano-SiO2 at equilibrium (mg/g) at time t, respectively. k1 is
the adsorption rate constants of pseudo-first-order model
(1/min). Values of k1 and qe were calculated from the slope
and intercept of the straight line of plotting log (qe  qt) versus
t, respectively.
2.3.4. Pseudo-second-order kinetic model









where k2 is the adsorption rate constant of pseudo-second-
order (g/mg/min). The plot of t/qt versus t should give a
straight line and the k2 and qe were calculated from the values
of intercept and slope, respectively.
2.3.5. Fixed bed procedure
Glass column of 0.5 cm internal diameter and 40 cm height
was used in the experimental procedure of fixed bed system.
SiO2 nanopowder was packed in the column with a layer of
glass wool at the bottom. Bed heights of 2, 4 and 6 cm were
used and three flow rates (1, 2 and 3 ml/min) were pumped
in an up flow mode using a peristaltic pump with initial ion
concentrations of 50, 75 and 100 mg/L. The effluent samples
were collected at regular intervals and analyzed. Column stud-
ies were terminated when the column reached exhaustion.
The maximum adsorption capacity (qtotal) of the U (VI) in
the fixed-bed column for a given feed concentration and flow






ðC0  CtÞdt ð5Þ





where Q (ml/min) is flow rate, C0 (mg/L) is initial U (VI)
concentration, Ct (mg/L) is the concentration of U (VI) in
specified time, and M (g) is the mass of the adsorbent. Theaqueous solution using silicon dioxide nanopowder, Journal of Saudi Chemical
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The removal percent (Re,column) of U (VI) is calculated from
the ratio of the maximum capacity of the column (qtotal) to the




 100 ð8Þ2.3.6. Column adsorption and desorption studies
After exhaustion of the column was reached, the column was
drained off the remaining liquid phase by pumping air.
Desorption of U (VI) ions from loaded SiO2 nanopowder
was carried out by solvent elution method using different con-
centrations of different eluting agents (HCl, HNO3 and
H2SO4). The eluting agent solution was pumped into the col-
umn maintained at 303 K at a fixed flow rate (1 mL/min)
and bed heights (6 cm). From the start of the experiment efflu-
ent samples at different intervals were collected at the bottom
of the column for analysis. After the regeneration, the adsor-
bent column was washed with distilled water to remove eluting
agent from the column before the influent U (VI) ion solution
was reintroduced for the subsequent adsorption–desorption
cycles. Adsorption–desorption cycles were performed using
the same bed to check the sustainability of the bed for repeated
use.
2.3.7. Evaluation of break through curves
To design of successful column process, various kinetic models
have been developed to predict the dynamic behavior of the
column, which are important to predict the breakthrough
curve for feeding parameters. Thomas [21] and Yoon–Nelson
[22] models were used for kinetic studies in the column system.
2.3.8. Thomas model
Thomas model is one of the most widely used models in col-
umn performance studies. Thomas model is given in linear









where Ce and C0 are the effluent and inlet solute concentra-
tions (mg/L), respectively. qe is the maximum adsorption
capacity (mg/g), x is the total mass of the adsorbent (g), Q is
the volumetric flow rate (ml/min) and KTh is the Thomas rateFigure 1 Scanning electron micrograph (a) and XRD analysis (b) n
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(KTh and qe) can be determined from a plot of
Ln[(C0/Ce)  1] against time (t) at a given flow rate.
2.3.9. Yoon and Nelson model
Yoon and Nelson model assumes that the rate of decrease in
the probability of adsorption for each adsorbate molecule is
proportional to the probability of adsorbate adsorption and
the probability of adsorbate breakthrough on the adsorbent.






¼ kYNs kYNt ð10Þ
where Ct is the Effluent concentration (mg/L) at time t, kYN is
the Yoon and Nelson rate constant (l/min), s is the time
required for 50% adsorbate breakthrough (min) and t is
the breakthrough time (min). The parameters kYN and s were
determined from the intercept and slope of linear plot of Ln
[Ct/(C0  Ct)] against time (t).
3. Results and discussion
3.1. Characteristics of adsorbent
3.1.1. Scanning electron micrograph
Fig. 1(a) shows the scanning electron micrograph (SEM) of
nano-SiO2 powders before and after adsorption of uranium
ions. The nano-SiO2 before adsorption of uranium (Fig. 1a)
indicated that the nano-SiO2 exhibits uniform sizes and is
spherical in shape. After adsorption (Fig. 1b) non-uniform size
and some agglomeration of nano-SiO2 were observed.
3.1.2. XRD analysis
The peaks of nano-SiO2 before and after adsorption of ura-
nium ions showing no change in the structure of nano-SiO2
was observed in Fig. 1(b). The result indicates that the adsorp-
tion of uranium onto nano-SiO2 may be a physical process.
3.1.3. FT-IR analysis
The FT-IR spectra of nano-SiO2 are compared before and
after adsorption of uranium (VI) in Fig. 2. The broad band
at 1113 cm1 was corresponding to the existence of Si–O–Si
stretching vibration of nano-SiO2. Additionally, the bands at
1630 and 1446 cm1 correspond to the existence of hydroxyl
groups, (traces of adsorbed water). The broad band at
3499 cm1 is believed to be associated with the stretchingano-SiO2 powders before and after adsorption of uranium ions.
aqueous solution using silicon dioxide nanopowder, Journal of Saudi Chemical
Figure 2 FT-IR spectra of nano-SiO2 before and after adsorp-
tion of uranium (VI).
4 M.A. Mahmoudvibrations of H2 bonded surface water molecules and hydroxyl
groups. After adsorption, shifts occurred in the wave numbers
of the hydroxide (3578 cm1) and Si–O–Si group (1150 cm1)
peaks indicating an interaction of these functional groups with
adsorbed uranium (VI) ion on the nano-SiO2 surface.
3.1.4. Energy-dispersive X-ray spectroscopy (EDX) analysis
Energy-dispersive X-ray spectroscopy (EDX) spectrum of
nano-SiO2 is performed before and after adsorption. Fig. 3
shows the presence of U (VI) on the surface of nanopowder
which indicates that nano-SiO2 has adsorption ability for
removal of U (VI) ions from aqueous solutions.
3.2. Adsorption kinetics
Adsorption of U (VI) onto SiO2 nanopowder was found to be
increased with increasing time and attained a maximumFigure 3 Energy-dispersive X-ray spectroscopy (EDX) spectr
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Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.04.001adsorption capacity at 20 min (Table 2). The uptake was studied
by changing pH in the range 3–10 at 50 mg/L initial U (VI) con-
centration, 303 K, and adsorbent dose 0.3 g. Table 2 shows that
the adsorption percent was highly dependent on pH because pH
of the solution influences not only the distribution of active sites
on the surface of SiO2 nanopowder, but also influences the con-
figuration of U (VI) species. The competition of H+withU (VI)
on the adsorption sites leads to a decrease in the removal per-
cent of U (VI) at low pH and the increase in U (VI) uptake with
increasing pH may be due to a decrease in competition between
H+ and U (VI) ions and consequently more negatively charged
sites were made [6]. Above pH 5, the removal efficiency
decreases as pH increases, this is due to the formation of stable
complexes UO2CO3, [UO2CO3]
2 [17]. An increase in the tem-
perature from 303 to 333 K leads to a decrease in the adsorption
uptake of U (VI) onto SiO2 nanopowder. This is due to the
exothermic nature of adsorption process and the rapid electro-
static interaction between U (VI) ions and adsorption sites of
SiO2 nanopowder at lower temperature [19]. So that the uptake
of U (VI) ions onto SiO2 nanopowder was found to be fast, and
equilibrium time was attained at 20 min at 303 K (Table 2). The
results obtained for each of the kinetic models show a good
compliance with the pseudo second-order equation, with values
of correlation coefficient, r2 ﬃ 0.99 (Fig. 4). The rate constants
and values of correlation coefficient are represented in Table 3.
The following experiments in column adsorption were carried
out at pH 5 and 303 K.
3.3. Column adsorption
The shape of the breakthrough curve and the time for the
breakthrough appearance are the predominant factors for
determining the operation and the dynamic response of an
adsorption column [20]. Effects of inlet feed flow rate (1, 2
and 3 ml/min), initial feed concentrations (50, 75 and
100 mg/L) and adsorbent bed height (2, 4 and 6 cm) wereum of nano-SiO2 is performed before and after adsorption.
aqueous solution using silicon dioxide nanopowder, Journal of Saudi Chemical
Table 2 Adsorption dynamics of U (VI) onto SiO2 nanopowder at different pH and temperatures.
Parameter Adsorption percent (%)
Time (min)
5 10 15 20 25 30 35 40
pH
3 10.21 32.33 44.34 64.56 64.56 64.57 64.55 64.55
4 21.34 41.29 73.55 82.25 82.25 82.23 82.26 82.28
5 33.35 73.12 95.33 99.75 99.75 99.74 99.78 99.75
6 26.66 55.15 88.54 91.33 91.33 91.35 91.33 91.33
7 23.03 45.21 75.44 87.55 87.55 87.55 87.57 87.54
8 18.36 29.65 40.53 45.22 45.22 45.21 45.23 45.20
10 4.24 9.89 12.76 16.23 16.23 16.22 16.23 16.21
Temperature (K)
303 33.35 73.12 95.33 99.75 99.75 99.74 99.78 99.75
313 30.22 69.33 90.23 92.67 91.56 90.14 89.13 88.25
323 24.16 55.21 79.64 81.19 82.50 81.88 81.15 80.09
333 15.32 31.03 55.23 66.43 66.12 64.34 64.10 62.22
Figure 4 Pseudo-second-order (a) and Pseudo-first-order (b) kinetic model of U (VI) adsorption onto nano-SiO2 at different
temperatures.
Table 3 Parameters of kinetic models at different temperatures.
Kinetic models Parameter Temperature (K)
303 313 323 333
Pseudo-first-order model k1 (1/min) 0.0026 0.0054 0.0076 0.0085
qe (mg/g) 5.83 5.650 5.45 4.21
r2 0.720 0.833 0.858 0.921
Pseudo-second-order model qe (mg/g) 10.15 07.12 5.66 02.01
k2 (g/mg.min) 0.0142 0.0130 0.0125 0.0113
r2 0.999 0.997 0.989 0.998
Adsorption of U (VI) ions 5investigated on the performance of breakthrough for the
adsorption of process at pH 5 and 303 K. Prediction of the
breakthrough curve for the effluent is the predominant factor
for the successful design of a column adsorption process.
3.3.1. Effect of flow rate
Three different flow rates of 1, 2 and 3 ml/min at an inlet
50 mg/L of initial U (VI) concentration, and 6 cm bed heightPlease cite this article in press as: M.A. Mahmoud, Adsorption of U (VI) ions from
Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.04.001were used to study the effect of flow rate in the uptake of U
(VI) ions onto SiO2 nanopowder. Fig. 5(a), indicates that the
removal of U (VI) ions occurred in the initial steps and the rate
of removal decreased until it finally reached saturation. This is
in agreement with the result obtained by adsorption of U (VI)
onto orange peel [23]. The decrease in the flow rate from 3 to
1 ml/min leading to the removal of U (VI) ions is more favor-
able onto SiO2 nanopowder. As the flow rate increased, theaqueous solution using silicon dioxide nanopowder, Journal of Saudi Chemical
Figure 5 Breakthrough curves for U (VI) adsorption by nano-SiO2 at different flow rates (a) bed heights (b) and initial U (VI)
concentrations (c).
6 M.A. Mahmoudbreakthrough curves become steeper and reach the break-
through quickly. This is because the lower residence time of
the inlet feed in the column leads to reduce the contact time
between U (VI) ions and SiO2 nanopowder [20].
3.3.2. Effect of bed height
The effects of different bed heights (2, 4 and 6 cm) on the
breakthrough curves for the adsorption of U (VI) onto SiO2
nanopowder at an inlet concentration of 50 mg/L and flow rate
1 ml/min are shown in Fig. 5(b). The results indicate that the
volume of treated solution increased with an increase in bed
height, due to the availability of more number of adsorption
sites [23]. When the bed height increased, U (VI) ions had more
time to contact with SiO2 nanopowder, and this resulted in a
higher removal efficiency of U (VI). A higher removal of U
(VI) at the highest bed height is also due to an increase in
the surface area of SiO2 nanopowder, which provided more
binding sites for the adsorption.
3.3.3. Effect of initial concentration
The breakthrough curves of adsorption U (VI) ions onto SiO2
nanopowder were carried out by varying the initial U (VI) con-
centration from 50 to 100 mg/L at inlet flow rate 1 mL/min
and 6 cm bed height (Fig. 5c). As the initial U (VI) concentra-
tion increases, the breakthrough curves became steeper and the
adsorbent got saturated faster at higher concentrations of U
(VI). This is due to the increases in driving force and decreases
in the adsorption zone length.
3.4. Evaluation of Kinetics models in fixed-bed column
3.4.1. Thomas model
The fixed bed data were fitted using Thomas model to deter-
mine the Thomas rate constant (KTh) and maximum adsorp-
tion capacity (qe). The Thomas constants were obtained
using linear regression analysis according to Eq. (9) and the
results are presented in Table 4. Thomas rate constant KTh
and qe are dependent on flow rate, initial U (V) ion concentra-
tion and bed height. From Table 4, as the inlet flow rate
increased the values of qe and KTh decreased, and the increasePlease cite this article in press as: M.A. Mahmoud, Adsorption of U (VI) ions from
Society (2016), http://dx.doi.org/10.1016/j.jscs.2016.04.001in the initial U (VI) concentration led to an increase in qe and a
decrease in KTh. The value of KTh and qe increased and
decreased with increasing bed height, respectively. The values
of correlation coefficients r2 ranged from 0.985 to 0.999, indi-
cating that the kinetic data conformed well to Thomas model
(Fig. 6).
3.4.2. Yoon and Nelson model
The results of Yoon and Nelson rate constant, kYN and time of
50% breakthrough, s listed in Table 5, show that the rate con-
stant, kYN increased with increased initial U (VI) concentra-
tion, flow rate and bed height. Also, at the time of 50%
breakthrough, s decreased with an increase in flow rate and
initial U (VI) ion concentration and increased with an increase
in bed height. High values of correlation coefficients of linear
regression analysis (Fig. 7), indicate that Yoon and Nelson
model also fitted well to the experimental data. Comparing
the values of correlation coefficients of kinetic models (r2),
both the Thomas and Yoon–Nelson models can be used to
describe the behavior of the adsorption of U (VI) in a fixed-
bed column and in the design calculations of large scale.
3.5. Regeneration and desorption studies
The importance of adsorption–desorption process is enhanced
when a possibility of the recovery of the adsorbed U (VI)
exists. The optimal eluting agent must be effective, non-
damaging to the SiO2 nanopowder, non-polluting and cheap.
Fig. 8 shows that 1.5 M HCL solution can effectively desorb
U (VI) ion from loaded SiO2 nanopowder with higher desorp-
tion efficiency up to 98.55% than other eluting agents. SiO2
nanopowder in fixed bed was reused and adsorption–desorp-
tion cycles were carried out for 3 cycles. The results in
Fig. 9, showed that the adsorption and desorption efficiency
of SiO2 nanopowder was not significantly changed as the
adsorption–desorption cycles proceeded. After desorption pro-
cess, NH4OH (33%) at pH 8 was used to precipitate uranium
as yellow cake (ammonium di-uranate (NH4)2U2O7)) [24].
Yellow cake was separated by filtration and sintered in an
electric furnace at 1073 K to produce uranium oxide (U3O8).aqueous solution using silicon dioxide nanopowder, Journal of Saudi Chemical
Table 4 Parameters of Thomas model using linear regression analysis for U (VI) adsorption under various operating conditions.
Model type Flow rate (ml/min) Bed height (cm) Initial concentration C0 (mg/L) qe,max (mg/g) KTh (mL/min.mg) R
2
Thomas model 1 6 100 11.35 0. 504 0.999
2 6 100 9.34 0. 423 0.995
3 6 100 5.760 0. 231 0.989
1 2 100 13.23 0. 292 0.987
1 4 100 12.43 0. 491 0.988
1 6 75 10.23 0. 591 0.998
1 6 50 8.381 0.632 0.985
Figure 6 Linear plot of Thomas model with experimental data at different flow rates, initial U (VI) concentrations and bed heights.
Table 5 Parameters of Yoon–Nelson model using linear regression analysis for U (VI) adsorption under various operating conditions.
Flow rate (ml/min) Bed height (cm) C0 (mg/L) kYN (1/min) s (min) R
2
Yoon and Nelson model 1 6 100 0.033 188. 34 0.998
2 6 100 0.076 153.52 0.986
3 6 100 0.088 47.731 0.987
1 2 100 0.013 55.645 0.994
1 4 100 0.027 132.52 0.999
1 6 50 0.013 254.97 0.982
1 6 75 0.025 220.44 0.986
Figure 7 Linear plot of Yoon–Nelson model with experimental data at different flow rates, initial U (VI) concentrations and bed
heights.
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Figure 8 Desorption of U (VI) with various eluents at different concentrations.
Figure 9 Adsorption–desorption cycles of U (VI) onto nano-SiO2.
Figure 10 Energy-dispersive X-ray spectroscopy (EDX) Spectrum Of Sintered Precipitate.
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Table 6 Comparison of U (VI) sorption capacities of SiO2




Ferrihydrite 4.5 5.021 [25]
Hematite 4.0 0.50 [26]
Goethite 4.5 4.016 [27]




Multiwalled carbon nanotubes 5.0 71.34 [30]
Aluminum oxide nanopowder 5.0 49.42 [31]
SiO2 nanopowder 5.0 59.92 This work
Adsorption of U (VI) ions 9The solid sample was analyzed and the results are shown in
Fig. 10. This indicates that SiO2 nanopowder is a good adsor-
bent material for U (VI) ions and could be successfully applied
for preconcentration and recovery of U (VI) ions from an
aqueous solution.
The maximum sorption capacity of SiO2 nanopowder
toward U (VI) is compared with other sorbent materials. As
can be seen in Table 6, the sorption capacity of SiO2 nanopow-
der is higher than that of Hematite, ferrihydrite, goethite, mag-
netite nanoparticles, aluminum oxide nanopowder and carbon
nanotubes due to the higher active surface area of SiO2
nanopowder. Moreover, the SiO2 nanopowder exhibits an
excellent regeneration capacity, high sorption capacity, recycla-
bility and environmental friendliness. Thereby SiO2 nanopow-
der can be used as one of the repeatedly cost-effective materials
for the removal of U (VI) from aqueous solutions.
4. Conclusions
In this work, SiO2 nanopowder has good ability to remove U
(VI) from aqueous solution in batch and fixed bed systems.
The experimental results in batch technique were fitted well
with pseudo second-order kinetics model. The uptake of ura-
nium ions in fixed bed system depends on flow rate, bed height
and initial concentration. Thomas and Yoon–Nelson kinetic
models were used to evaluate the performance of fixed bed col-
umn. The column experimental data were good fitted with
both Thomas and Yoon–Nelson models.
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